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1.0 SUMMARY 
This repor t  descr ibes  the  inves t iga t ion ,  during t h e  second t h r e e -  
month period of ion iz ing  r ad ia t ion  surface e f f e c t s  on t r a n s i s t o r  
parameters using 150 kV X-rays. 
2~1613 n-p-n p lanar  devices during t h i s  per iod.  
Four t e s t s  were conducted on F a i r c h i l d  
These t e s t s  were 
designed t o  provide information on the following: 
(1) t he  e f f e c t s  of e l e c t r i c a l  bias conditions during i r r a d i a t i o n  
on r ad ia t ion  damage 
the  e f f e c t  of d i f f e r e n t  measurement condi t ions on the  rnaCnitude 
of degradation 
techniques f o r  ident i fy ing  t h e  var ious surface damage mechanisms 
a technique f o r  damage rernovalw:iici, w i l l  pe:-mit devices t o  be screened 
by an i r r a d i a t i o n  tes t  followed by annealing t o  remove the  
damage. 
( 2 )  
( 3 )  
(4) 
Other work performed during the period included: (a) a n a l y s i s  of 
t h e  results of t he  f o u r  tests, (b)  construct ion of a spec ia l  tes t  
f i x t u r e  t o  enable i r r a d i a t i o n  a t  reduced r a t e s  as low as 5000 r /hr ,  
( c )  a dosimetry test, and (d)  design and p a r t i a l  construct ion of  a new 
high-vacuum t e s t  f i x t u r e  f o r  i r r a d i a t i n g  evacuated devices i n  t h e  next 
q u a r t e r .  
The damage induced by X-rays i n  t he  aforementioned t e s t s  var ied 
g r e a t l y  with d i f f e r e n t  bias conditions during i r r a d i a t i o n ,  and t h e  
amount of damage was a s t rong function of measurement condi t ions,  w i t h  
low cu r ren t  measurements sus ta in ing  much higher  gain degradation. 
Three gain damage components were iden t i f i ed  : (1) channel cur ren t ,  
apparent ly  due t o  invers ion  of t h e  p-type base region, ( 2 )  surface 
space charge recombination-generation current ,  i d e n t i f i e d  by i t s  
exponent ia l  behavior, and (3) a damage component e f f e c t i v e  only a t  
high measurement cur ren ts ,  apparently due t o  a recombination of 
c a r r i e r s  i n j ec t ed  very near  t he  surface.  
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Annealing cycles  were invest igated which were combinations of 
temperature, e l e c t r i c a l  b i a s ,  and X-ray i r r a d i a t i o n ;  and a temperature 
recovery cycle which completely removes X-ray induced damage w a s  
def ined .  
t o  repea t  t h e i r  i n i t i a l  damage buildup curves i s  a t t r i b u t e d  t o  incomplete 
r e d i s t r i b u t i o n  of charge species  i n  t h e  pas s iva t ing  oxide.  
The occasional  f a i l u r e  of some temperature-recovered devices  
2.0 X-RAY TEST DESCRIPTIONS 
F m r  X-ray i r r a d i a t i o n  tests were performed on Fa i r ch i ld  2~1613 
t r a n s i s t o r s  during t h i s  per iod.  
i n v e s t i g a t e  the  e f f e c t s  of e l e c t r i c a l  bias during i r r a d i a t i o n  on the  
damage produced, t he  magnitude of gain degradation a t  various measure- 
ment cu r ren t s ,  and the  e f fec t iveness  of a damage removal cycle cons i s t ing  
of X-ray i r r a d i a t i o n  combined with e l e c t r i c a l  bias. 
t e s t s  were designed t o  complement the r e s u l t s  of t h e  f i rs t  t e s t .  
2.1 TEST No.1 
Purposes of t h e  f irst  tes t  were t o  
The o t h e r  t h ree  
I n  t h i s  t e s t ,  12  type 2~1613 Fa i r ch i ld  t r a n s i s t o r s  were i r r a d i a t e d  
i n  six groups of two devices  each. Various junct ion bias condi t ions 
were placed on t h e  t r a n s i s t o r s  during i r r a d i a t i o n  t o  determine t h e  
CBO and %E inf luence  of e l e c t r i c a l  b i a s  conditions on t h e  changes i n  I 
produced by X-rays. The t e s t  consisted of fou r  s t eps  with a d i f f e r e n t  
s e t  of b i a s  condi t ions  f o r  each group of two devices during each 
i r r a d i a t i o n  tes t  s t ep .  Table 1 l i s t s  the  b i a s  condi t ions used f o r  
each t e s t  s t ep .  
Table 1. B i a s  Conditions f o r  F i r s t  X-ray Tes t  
Tran si s t o  r Bias COI 
Group T e s t  S teps  1 and 3 
I 
C 
D 
E 
F 
2 
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6 A t o t a l  X-ray exposure i n  excess of 7 x 10 r ( r a t e & ?  x lo5 r / h r )  
w a s  del ivered during each tes t  s t ep .  
(100 nA < I, < 300 mA) were measured a t  severa l  p o i n t s  during each t e s t  
IcBo (VcB = 5.3 v o l t s )  and l/%E 
L -  - 
s t e p  t o  monitor t he  rate 
Af ter  completion of 
were exposed t o  a damage 
b i a s i n g  the  base e m i t t e r  
of damage buildup. 
t he  second tes t  s t ep  (see Table l), a l l  devices 
removal cycle, which consisted of forward 
junct ion (IB = 100 mA) and i r r a d i a t i n g  the  
devices with X-rays for 24 hours at the  above rate, followed by a 
second 24-hour period with t h e  bias remaining but  without i r r a d i a t i o n .  
SE and I degradation. Test  This cycle removed the  X-ray induced 
s t eps  3 and 4 were then performed with the  same bias conditions as 
s t e p s  1 and 2 respec t ive ly  (see Table 1). 
of bias conditions was t o  determine the  e f f e c t  of t he  X-ray removal 
cycle  on subsequent i r r ad ia t ions .  
CBO 
The purpose of t h i s  r e p e t i t i o n  
%E degradation data f o r  T e s t  1 were analyzed by two d i f f e r e n t  
methods: AI versus V 
were used t o  obta in  slope constants which a r e  i n d i c a t i v e  of t h e  type 
of mechanism producing the  damage. 
p o i n t s  represent  t he  damage component which was introduced i n  the  i n t e r -  
val between these two points .  
AI 
of 1 2  v o l t s  during i r r a d i a t i o n .  
t h e  i r r a d i a t i o n  per iod,  while damage w a s  s t i l l  bui ld ing  up; and curve 2 
was taken a t  the  end of the  t es t  s tep when damage a t  a l l  measurement 
l e v e l s  appeared t o  be a t  a sa tura t ion  leve l .  
constant  n was g r e a t e r  than 3.7, which i s  i n d i c a t i v e  of channel cur ren t ,  
After the  damage approached the s a t u r a t i o n  l e v e l ,  n approached 'ch' 
a value very close t o  2 ind ica t ing  t h a t  t he  primary damage mechanism 
w a s  space charge recombination-generation current ,  I s r g '  
of a channel current  a t  low doses was t y p i c a l  of a l l  devices i r r a d i a t e d  
wi th  reverse  biased, col lector-base o r  base -emitter junctions.  
p l o t s ,  and +/%$versus 1 C p l o t s .  The p l o t s  B BE 
Differences i n  damage between two 
Figure 1 d e p i c t s  a t y p i c a l  p l o t  of 
versus VBE f o r  a t r a n s i s t o r  which had a col lector-base reverse bias B 
Curve 1 w a s  taken r e l a t i v e l y  early i n  
The exponential  slope 
The presence 
3 
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Figure 2 is a p l o t  of A - versus IC f o r  severa l  of t h e  i r r a d i a t i o n  
~ F E  
bias  conditions of Test  1. These p l o t s  show t h a t  a forward bias on e i t h e r  
junct ion produced l e s s  damageat low l e v e l s  than passive (no bias) 
i r r a d i a t i o n ,  and t h a t  reverse bias on the  base-emitter junction produced 
more damage than passive i r r ad ia t ion .  The exponential  slope constant n 
i s  determined i n  the  l i n e a r  region o f  these  curves from the  formula 
Departure from l i n e a r i t y  at low measurement cur ren ts  wits observed when 
a col lector- to-base reverse  bias was present  during rad ia t ion  (Groups A 
I versus I p l o t s  f o r  Figure 3 shows t y p i c a l  A - C and F of Table 1). 
t h e  same conditions as above. I n  addi t ion,  t he  f i g u r e  includes a p l o t  
of a passive t e s t  t o  enable comparisons with the  curves of Figure 2. 
Curve 4 w a s  obtained e a r l y  i n  the  i r r a d i a t i o n  period f o r  a device with 
a reverse biased base-col lector  junction. Curves 1, 2, and 3 were 
taken a t  a l a rge  dose after apparent sa tura t ion  had been reached. 
Curve 4 i s  t y p i c a l  of a channel current component. Curves 1 and 2,  
al though t h e i r  s lopes a r e  g r e a t e r  than 2 i n  the  .1 t o  10 mA region, 
decrease i n  slope a t  l o w  current  leve ls ,  producing a "droopy" e f f e c t  
a t  very low measurement current  leve ls .  The cause of t h i s  e f f e c t  i s  
not  w e l l  understood; however, it was not  observed a t  higher measurement 
condi t ions where the  device i s  more l i k e l y  t o  be used. 
h~~ 
D i g i t a l  computer techniques were used t o  analyze the  l/%E t e s t  
d a t a .  
l i n e  f i t  of t he  data a t  low measurement current  l e v e l s  t o  determine 
t h e  exponential  slope constant and the  r e l a t i v e  l i n e a r i t y  of t he  data, 
thereby el iminat ing laborious graphical techniques. 
r e s u l t s  of t h i s  a n a l y s i s  i s  given i n  Table 2 .  
The computer w a s  programmed t o  perform a least square s t r a i g h t  
A summary of t he  
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Table 2. Exponential  Slope Constants for 
Damage Produced During T e s t  No. 1 
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These devices  exhibi ted t h e  "droop" discussed above 
Two e n t r i e s  are made i n  each pos i t ion  of t h i s  table s ince  two devices  
were t e s t e d  f o r  each condi t ion.  
A f u r t h e r  d i f f e rence  between the  two low cu r ren t  damage mechanisms, 
Ich and I 
func t ion  of dose. 
bui ldup and i s  r a r e l y  de tec ted  a t  l a rge  doses when damage s a t u r a t i o n  
occurs .  I on the  o the r  hand, responds r e l a t i v e l y  slowly t o  dose 
inc reases  b u t  u l t ima te ly  i s  the  predominant mechanism of damage. 
behavior  i s  shown i n  curve 1 of Figures  h, b, and c,  where t h e  
p a s s i v e l y  i r r a d i a t e d  devices  show no evidence of high n o r  rap id  damage 
bui ldup .  
a much more rap id  buildup of damage accompanied by s lope cons tan ts  
exceeding 2.  
i s  depicted by the  buildup of  damage a t  low l e v e l s  as a s rg '  
changes very r ap id ly  during e a r l y  s tages  of damage 'ch 
s r g  
This 
The reverse  biased co l l ec to r  base and a c t i v e  devices  undergo 
However, these  slopes decrease with accumulated dose, 
8 
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I 
approaching values  l e s s  than  2. 
rapid gain degradation i s  caused by channeling i s  the  s i m i l a r i t y  between 
low l e v e l  gain degradation and ICBO increases  a t  low doses, Since 
ICBO i s  a c o l l e c t o r  junct ion property and cur ren t  gain i s  a base-emit ter  
junc t ion  property,  t h i s  s i m i l a r i t y  suggests t h a t  both these  changes are 
due t o  a phenomenon tak ing  place over t he  whole base region r a t h e r  than 
l o c a l l y .  
A f u r t h e r  i nd ica t ion  t h a t  t h e  e a r l y  
S ign i f i can t  degradation w a s  a l s o  observed a t  high measurement 
cur ren ts ,  as shown i n  Figures  2 and 3 by the  upward t u r n  of l/hFE a t  
high cur ren ts .  This degradation cannot be a t t r i b u t e d  t o  I o r  Ich s r g  
s ince  these  mechanisms have clLtLminished t o  neg l ig ib l e  l e v e l s  a t  high 
i n j e c t i o n  l eve l s .  
of c a r r i e r s  in jec ted  across  the  base-emit ter  junct ion very c lose  t o  the  
The degradation i s  believed t o  be due t o  recombination 
sur face .  
As discussed above, one of t he  goals  of T e s t  No. 1 was t o  eva lua te  
the  X-ray-electr ical  bias removal cycle by determining i f  damage buildup 
a f t e r  a recovery cycle w a s  s i m i l a r  t o  t h a t  observed f o r  a new device.  
Curves 2 of Figures  ba, b ,  and c show the  r e s u l t s  of t h i s  t e s t .  
can be seen, damage buildup f o r  passively i r r a d i a t e d  devices  and a c t i v e l y  
i r r a d i a t e d  devices  d i f f e r s  g r e a t l y  from t h a t  f o r  a new device,  
t he  reverse  -biased col lector- to-base response i s  very similar t o  t h a t  
of a new device. This response ind ica t e s  t h a t  although t h e  recovery 
cyc le  r e s t o r e s  the  gain t o  i t s  p re - i r r ad ia t ion  value,  some memory i s  
induced i n t o  t h e  device because the  recovery cycle does not  produce 
condi t ions  t h a t  allow t h e  device t o  r e t u r n  t o  i t s  o r i g i n a l  s t a t e .  
As 
However, 
2.2 T e s t  No. 2 
The second X-ray t e s t  was performed t o  inves t iga t e  t h e  e f f e c t i v e -  
I n  nes s  of a modified recovery cycle on devices  i r r a d i a t e d  i n  Tes t  1, 
a d d i t i o n ,  the  e f f e c t  of a reduction i n  X-ray r a t e  on induced damage w a s  
i nve s t i gated. 
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Three F a i r c h i l d  2~1613 with d i f f e r e n t  b i a s  h i s t o r i e s  were se lec ted  
from the  devices irradiated i n  Test 1. Results of Test  1 had indica ted  
that  buildup of damage versus dose, a f t e r  a device had been i r r a d i a t e d  
and exposed t o  an X-ray recovery cycle, d i f f e r e d  from the  buildup when 
the device w a s  new. 
t r a n s i s t o r s  se lec ted  f o r  T e s t  2 were subjected t o  a modified X-ray 
recovery cycle cons is t ing  of :  
forward bias of 100 mA applied t o  both col lector-base and base-emitter 
junct ions,  (b )  a second day of the  same bias but  without X-rays, and 
( e )  a Z7OOC bake f o r  severa l  hours w i t h  no bias. The temperature bake 
cycle was included with the expectation t h a t  accelerated aging might 
e l iminate  the  apparent memory discussed i n  the  previous sec t ion .  
Following t h i s  modified recovery cycle, t h ree  devices were i r r a d i a t e d  
w i t h  t he  same bias conditions as f o r  Step 1 of T e s t  1 (one reverse  
biased c o l l e c t o r  -base, one a c t i v e  and one pass ive) .  
t r o l l e d  gain and leakage data were taken a t  severa l  p o i n t s  during t h e  
i r r a d i a t i o n  t o  determine the  r a t e  of damage buildup versus dose. 
s u f f i c i e n t  r a d i a t i o n  had been applied t o  cause sa tura t ion  of the  
damage, the X-ray rate w a s  decreased by a f a c t o r  of t h ree  t o  determine 
the  e f f e c t  of a lower rate on the  ult imate damage l e v e l .  
In  an attempt t o  produce more complete recovery, 
(a) one day of X-ray exposure with a 
Temperature con- 
Af t e r  
Resul ts  of t h i s  t e s t  indicated t h a t  the modified recovery cycle 
permits  damage buildup which more c lose ly  s imulates  buildup i n  a new 
device than d id  the normal X-ray recovery cycle used i n  T e s t  1. 
reduct ion of the X-ray r a t e  by a f ac to r  of th ree  had l i t t l e  or no 
e f f e c t  on the ultimate damage l e v e l  of the devices t e s t ed ,  producing 
only small per turba t ions  immediately a f t e r  t he  r a t e  was changed. The 
damage 
expected had the  rate not  been changed. It should be noted t h a t  t h i s  
rate change was made a t  a l a rge  dose when low current  damage was pre-  
dominantly Isrg. 
A 
eventual ly  s e t t l e d  out a t  a l e v e l  which would have been 
11 
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2 . 3  Test  No. 3 
Due t o  the  improvements i n  the  recovery cycle of Test  2 produced 
by a temperature bake, we decided t o  study the  e f f e c t s  of temperature 
alone on annealing X-ray induced damage. The devices i r r a d i a t e d  i n  
T e s t  2 were subjected t o  30-second temperature s t e p  s t r e s s e s  a t  tempera- 
t u r e s  of l?OOC,  180oc, Z l O O C ,  2 4 0 O C ,  27OOC, ZgOOC, and 320OC. 
the  same devices were subjected t o  longer stress per iods  a t  32OOC. 
Figure 5 shows the  r e s u l t s  of these t e s t s .  The bar graphs show the  
percent  of X-ray induced damage remaining i n  the  device af ter  
successive temperature s t r e s ses .  The damage i s  shown a t  measurement 
cur ren ts  of 1 microamp, 100 microamps, and 100 milliamps f o r  the  
pass ive ly  i r r a d i a t e d  device, the  a c t i v e l y  irradiated device and the  
reverse  -biased c o l l e c t o r - t o  -base device. Devices i r r a d i a t e d  under 
passive and reverse collector-to-base bias conditions exhibi ted con- 
s iderable  annealing a t  low temperature stresses. The a c t i v e l y  i r r a d i -  
a t e d  device, however, was more d i f f i c u l t  t o  anneal a t  low measurement 
cur ren ts ,  r e t a i n i n g  85 percent of i t s  low l e v e l  damage a f t e r  t he  Z7OOC 
s t r e s s .  
( l e s s  than 2 percent)  and an addi t iona l  f ive-hour 320°C bake completely 
recovered t h e  devices. The gain cha rac t e r i s t i c s  of these th ree  devices 
w e r e  as good o r  b e t t e r  than those measured when t h e  devices were new. 
Later, 
A f t e r  a 30-minute bake a t  3Z0°C, very l i t t l e  damage remained 
2.4 Test  No. 4 
Tes t  4 was performed t o  (a) evaluate the  temperature recovery 
cycle  developed i n  Test 3 by r e - i r r a d i a t i n g  these devices, (b)  d e t e r -  
mine the  e f f e c t s  of d i f f e r e n t  collector-to-base reverse  b i a s e s  during 
i r r a d i a t i o n  f o r  temperature recovered devices and ( e )  determine i f  
junc t ion  capacitance changes can be detected during i r r a d i a t i o n  s ince  
a channel or extension of t he  base-emitter junct ion should produce 
a d d i t i o n a l  junct ion capacitance. .  
12 
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p B  A ' / ~ F E  AT 5.3V, 100 m A  
(a) Irradiated With A bias of Vcb = 12v. I,  = 0; i 107r 
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(Reverse Collector - Base Junction) 
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(c) Irradiated With A Bias of vcb = 6 V ,  r e  = 10 mA ; ip 1071 
(Irradiated Active) 
F i g u r e  5 - Effec t  of T e m p e r a t u r e  Stress on Ionizing Radiat ion 
Damage  Removal  
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To determine the  e f fec t iveness  of the  temperature recovery cycle,  
s i x  devices having p r i o r  bias -radiation h i s t o r i e s  of ac t ive ,  passive,  
forward biased co l l ec to r ,  and reverse biased c o l l e c t o r  were recovered 
by the  temperature stress method, These devices were then subjected 
t o  ion iz ing  rad ia t ion ,  and gain and I da ta  were recorded. Junction CBO 
capaci ty  was a l s o  measured with a Wayne-Kerr Model B201 Impedance \ 
Bridge before i r r a d i a t i o n ,  e a r l y  i n  t h e  i r r a d i a t i o n ,  and a t  the  end of 
t he  i r r a d i a t i o n .  
Curves 3 of Figures  ha, b, and e ,  show damage buildup charac te r -  
i s t i c s  f o r  t he  passive,  ac t ive  and reverse bias c o l l e c t o r  devices, 
Unlike the  X-ray recovery cycle, the temperature recovery cycle permitted 
a damage buildup curve f o r  a passively i r r a d i a t e d  device which w a s  very 
similar t o  the  new device, The ac t ive  and 12-volt  reverse biased 
c o l l e c t o r  devices were a l s o  very similar t o  the  new device a t  high 
doses. However, during the  i n i t i a l  damage buildup these devices 
d i f f e r e d  from the  "new" by exhibi t ing a somewhat higher r a t e  of buildup 
and a l s o  a s l i g h t  peaking of damage a t  e a r l y  doses. 
biased col lector- to-base junction devices (6, 12 ,  50 v o l t s )  appeared 
t o  produce damage proport ional  t o  t h e i r  reverse biased voltages.  
e v e r ,  
may have d i f f e r e n t  s e n s i t i v i t i e s  t o  X-ray i r r ad ia t ion .  
All devices which had reverse biased col lector- to-base junct ions 
The three  reverse  
How- 
t h i s  comparison i s  d i f f i c u l t  t o  make s ince these three  devices 
exhibi ted l a rge  changes i n  junction capaci tance, ,while  the  devices 
i r r a d i a t e d  pass ive ly  and the  device i r r a d i a t e d  with a forward biased 
col lector- to-base junct ion showed no s i g n i f i c a n t  change i n  junct ion 
capac i ty  throughout t he  test, 
l a r g e  capacitance changes a t  l o w  doses returned approximately t o  t h e i r  
p re  - i r r a d i a t i o n  capacitance values a f t e r  a l a rge  dose, suggesting t h a t  
a channel had been induced i n  the ea r ly  s tages  of the  i r r a d i a t i o n  but  
t h a t  it had receded by the  time a large dose was received. 
The four  devices which d id  e x h i b i t  
14 
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Table 3 shows the  junct ion capaci ty  changed by X-ray i r r a d i a t i o n .  
Table 3. Junction Capacitance Changes 
Produced by X-ray I r r a d i a t i o n  
*Capacitance measured a t  0 v o l t s  with a Wa:Me - K e n  Model 
B Z O 1  Impedance Bridge 
The 50 v o l t  col lector- to-base reverse  b i a s  during i r r a d i a t i o n  
produced the  l a r g e s t  changes i n  junction capacity. Collector-to-base 
capac i ty  more than t r i p l e d ,  and base-emitter capaci ty  increased two 
and one-half times e a r l y  i n  the  i r r a d i a t i o n  period. Accompanying 
t h i s  l a r g e  increase i n  capacitance was a l a rge  channel term i n  gain 
degradation with a slope constant o f  approximately 3.7 (see Figure 6 ) .  
A t  t h e  end of t h e  i r r a d i a t i o n  period junct ion capac i t i e s  decreased t o  
nea r  t h e i r  p re - i r r ad ia t ion  values,  and the  slope constant decreased 
t o  a value o f  about 1.92, ind ica t ing  t h a t  t he  channel had disappeared. 
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3.0 TEST ANALYSIS AND CONCLUSIONS 
This  sec t ion  includes a summary of observations made during the  
t e s t  program of t h i s  Quarter, a summary of t h e  conclusions drawn from 
these  t e s t s ,  and recommendations f o r  f u r t h e r  ac t ions  required t o  
accomplish t h e  goals  f o r  Phase I of t h i s  program. Due t o  t h e  many 
i n t e r r e l a t i o n s h i p s  between observations,  conclusions and required 
f u r t h e r  ac t ion ,  these  sec t ions  are i n  an itemized format t o  make cross  
reference convenient. 
3.1 Summary of Observations 
1. 
2. 
3. 
4. 
5.  
6. 
Collector-to-base reverse  b i a s  during i r r a d i a t i o n  i s  more 
damaging than base-emitter reverse  bias. 
of e i t h e r  junct ion produces a fas t  responding damage com- 
ponent with an exponential  slope constant g r e a t e r  than 2 a t  
low measurement currents .  
A reverse  biased co l lec tor - to  -base junct ion produces a l a rge  
f a s t - r i s i n g  increase i n  l o w  l e v e l  gain damage accompanied by 
a lai-ge f a s t - r i s i n g  increase i n  I during the  i n i t i a l  
buildup of damage. 
Colle c t or -to -base and base - to  - e m i t  t e r j unc t i on capaci tance s 
undergo a l a r g e  increase ea r ly  i n  the  damage buildup cycle 
f o r  devices i r r a d i a t e d  with a reverse biased co l l ec to r - to -  
base junction. These capacitances decrease t o  near  t h e i r  
i n i t i a l  values  a f te r  la rge  doses. 
The tendency of low l e v e l  gain degradation a f te r  l a rge  doses 
i s  t o  approach an exponential  slope constant n of 2 o r  less. 
I n  t h e  absence of a reverse bias on both junct ions,  damage 
b u i l d s  up a t  a r e l a t i v e l y  low rate and has an exponential  
s lope constant ,  n, l e s s  than o r  equal t o  2. 
A temperature bake of damageddevices f o r  f i v e  hours a t  
temperatures i n  excess of 300°C removes a l l  t h e  X-ray induced 
A reverse  bias 
CBO 
RESEARCH LABORATORIES DIVISION 
gain degradation, but  r e  - i r r ad ia t ion  has  a f a s t - r i s i n g  damage 
component i n  excess of t h a t  observed when the device was new. 
The X-ray recovery cycle removes most of t h e  damage induced 
by rad ia t ion ,  bu t  re - i r r ad ia t ion  produces less damage f o r  
devices irradiated passive o r  ac t ive .  
A r e l a t i v e l y  slow buildup of gain degradation measured a t  
high c o l l e c t o r  cur ren ts  i s  observed which resembles the  normal 
base spreading r e s i s t ance  term a t  high measurement cur ren ts  
f o r  normal t r a n s i s t o r s .  
7- 
8. 
3.2 Summary of Conclusions 
Based on the  observations discussed i n  t h e  preceding sec t ion  and 
on recent  r ad ia t ion  e f f e c t s  and semiconductor physics  l i t e r a t u r e ,  t h e  
following conclusions and theo r i e s  a r e  presented: 
1. Observations 1 through 4 support t he  exis tence of a channel 
component i n  gain degradation which increases  a t  rapid rates 
and produces an exponential s lope constant i n  excess of 2. 
This component can be produced by a reverse bias on e i t h e r  
device junct ion;  however, a reverse  bias on the co l l ec to r -  
base junct ion i s  a more severe condition, even though t h e .  
channel component i s  a ..base -emitter property.  Since the  
col lector-base junct ion f r ing ing  f i e l d  i s  too fa r  from t h e  
base-emitter junct ion t o  exer t  a s t rong  inf luence,  the most 
l i k e l y  explanation f o r  t h i s  behavior i s  tha t  proposed o r i g i n a l l y  
by B e l l  Telephone Laboratories,’ whereby e l e c t r i c  f i e l d s  i n  
t h e  ambient surrounding the t r a n s i s t o r  cause co l l ec t ion  of 
pos i t i ve  gas ions produced by t h e  ion iz ing  rad ia t ion  on t h e  
oxide over t h e  base and emi t te r  regions which are biased 
negat ive with respect  t o  the  c o l l e c t o r  region and encapsulat ing 
can. A more recent  proposal3 i s  t h a t  a c t u a l  deposi t ion of t h e  
gas molecule on the  device surface does not  occur but  t h a t  t h e  
p o s i t i v e  ion  i n  t r ave l ing  very c lose  t o  the  s i l i c o n  dioxide 
18 
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L I -  
ambient i n t e r f ace  gives up i t s  p o s i t i v e  charge by tak ing  on 
an e lec t ron  from a " s i t e "  on the  Si02 surface.  
of a p o s i t i v e  space charge over t he  base region surface can 
account f o r  the  s e n s i t i v i t y  of damage t o  col lector-base junct ion 
reverse bias and, i f  the  space charge magnitude i s  high enough, 
explain the  c rea t ion  of an inversion l a y e r  or channel on the  
base region surface.  This mechanism alone cannot explain the 
behavior observed s ince no means i s  supplied for removal of 
the  channel a t  l a rge  doses, Work reported by Kang suppl ies  
t h i s  mechanism. Mobile charge species i n  the  oxide w i l l  migrate 
under the  influence of an e l e c t r i c  f i e l d .  The presence of t h i s  
type of charge migration i n  ion iz ing  r a d i a t i o n  i s  v e r i f i e d  by 
recent  s tud ie s  of ionizing rad ia t ion  e f f e c t s  on MOS s t ruc tu res ,  
where the  combination of radiat ion and a f i e l d  across  t h e -  
Si02 l aye r  causes charge species i n  the  oxide t o  migrate, 
Figure 7 i s  a p i c t o r i a l  descr ipt ion of t h i s  model. 
This accumulation 
4 
In  the  case of junction t r a n s i s t o r s ,  t he  f i e l d  i s  produced by 
the  accumulated SiOz surface charge. 
species migrate t o  the  Si-Si0 in te r face .  Due t o  the  proximity 
of t h i s  charge t o  the  s i l i c o n  beneath the  in t e r f ace ,  a s t rong 
inversion l aye r  i s  formed, which produces a channel or 
extension of the  n-type emit ter  region under base region 
pass iva t ing  oxide. The proximity of the  p o s i t i v e  oxide space 
charge t o  the  negat ively charged channel c rea tes  very high 
f i e l d s  across  the  s i l i c o n  dioxide in t e r f ace ,  exceeding t h e  
p o t e n t i a l  barrier f o r  t h i s  junction. Electrons then cross  t h e  
in t e r f ace  junct ion and discharge the  p o s i t i v e  charged species  
a t  the  in t e r f ace ,  reducing the  oxide space charge. This i n  
t u r n  reduces the  inversion layer ,  and eventual ly  the  channel 
recedes. Evidence t o  support t h i s  theory w a s  presented by Kang 
using both MOS s t ruc tures  and "metal protected junction 
t r a n s i s t o r s  , ' I  
P o s i t i v e l y  charged 
2 
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Assuming a l i m i t e d  number of charge c a r r i e r s  o r i g i n a l l y  
ava i l ab le  i n  the  Si02, the  net  r e s u l t  i s  t o  concentrate these  
species  a t  t h e  SiOz-Si i n t e r f ace  i n  an  uncharged state. 
d i s t r i b u t i o n  of these  c a r r i e r s  throughout the oxide l a y e r  
requi res  that they  be ionized (with temperature or r ad ia t ion )  
and t h a t  t he  oxide e l e c t r i c  f i e l d  which o r i g i n a l l y  produced 
migration be removed. This model may eventua l ly  explain the  
difference i n  temperature and X-ray recovery cycles  observed 
during the  t e s t  program; however, a be t t e r  understanding of 
t h e  e f f e c t s  of t h e  f r ing ing  f i e l d  a t  t h e  base-emitter junct ion 
i s  required.  
Observations 3 ,  4, 5 and 7 ind ica te  t h a t  a slower responding 
gain degradation component due t o  surface space charge 
recombination-generation current  i s  present  with an exponential  
slope constant  n of 2 or less, This  component usua l ly  dominates 
a f t e r  l a rge  ion iz ing  doses. Exposure t o  X-ray recovery cycle 
tends t o  suppress the  I component, p s s i b l y  due t o  the re- 
d i s t r i b u t i o n  of charge c a r r i e r s  i n  t h e  S i0  layer caused by 
t h e  forward junct ion bias present  during t h i s  recovery cycle. 
R e -  
2. 
s rg  
2 
The presence of an I 
discussed i n  the  f i r s t  conclusion, After  a s u f f i c i e n t  por t ion  
of t he  pos i t i ve  space charge a t  the  oxide in t e r f ace  has been 
neut ra l ized ,  t h e  inversion l a y e r  o r  channel disappears,  leaving 
a space charge l a y e r  beneath the  i n t e r f a c e  which a c t s  as an 
extension of t h e  base-emitter junct ion space charge region, 
This  causes a l a rge  port ion of t h e  space charge region t o  be 
exposed t o  t h e  high recombination rate present  a t  t h e  i n t e r -  
face.  This  model explains the  dominance of channeling very 
e a r l y  i n  the  damage buildup followed by dominance of I 
during la t ter  por t ions  of t he  i r r a d i a t i o n  period. 
component f i t s  wel l  with the  model 
s rg  
r g  
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3. Although temperature causes removal of a l l  X-ray gain 
degradation, t h e  tendency toward channeling exis ts  wi th  a 
reverse  biased collector-to-base junct ion e a r l y  i n  t h e  i r r a d i  - 
a t i o n  which was not  observed on i r r a d i a t i o n  of a new device, 
This behavior i s  possibly due t o  incomplete r e d i s t r i b u t i o n  of 
of p o s i t i v e  charge c a r r i e r  species i n  t h e  S i0  layer due t o  a 
too  shor t  or t oo  low temperature stress. If these  charge 
c a r r i e r s  are not  allowed t o  r e tu rn  t o  an equi l ibr ium condition, 
a d i f f e r e n t  damage response would be expected upon r e -  
i r r a d i a t i o n  due t o  t h e i r  proximity t o  t h e  Si-Si0 
Observation 8 i n d i c a t e s  the  presence of a gain degradation 
component e f f e c t i v e  a t  high measurement cu r ren t s  which b u i l d s  
up slowly with dose, This component i s  t e n t a t i v e l y  i d e n t i f i e d  
as recombination of i n j ec t ed  c a r r i e r s  nea r  t h e  base surface.  
The component behavior i s  similar t o  t h e  base spreading com- 
ponent i n  a normal p l ana r  t r a n s i s t o r .  
could occur due t o  an  X-ray induced reduction of t h e  base- 
emitter junct ion b a r r i e r  p o t e n t i a l  a t  the region where t h e  
base-emitter junct ion meets t h e  Si-Si0 i n t e r f a c e .  The combi- 
natic-r! of  a :-educed b a r r i e r  p o t e n t i a l  i n  t h i s  region and t h e  
r e s i s t i v e  voltage drop which occurs ac ross  t h e  bulk base region 
a t  high currents ,  could cause a s i g n i f i c a n t  amount of current  
t o  be i n j e c t e d  nea r  t h e  surface,  
t h e  high recombination rate p resen t  i n  t h e  base region a t  the  
surface t h e  p r o b a b i l i t y  of recombination of c a r r i e r s i s  very 
high. 
2 
i n t e r f a c e .  2 
4. 
This type of degradation 
2 
Due t o  device geometry and 
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4.0 FURTHER ACTIONS REQUIRED 
Goals for Phase I of this program consist of: (1) identification 
of ionizing radiation damage components as a function of bias conditions 
during irradiation, dose, and rate, (2) determination of an acceptable 
annealing cycle which will enable device screening, (3) comparison of 
ionizing radiation damage in the normal device ambient and in vacuum, 
and (4) comparison of temperature and ionizing radiation stresses to 
determine if correlations exist. 
1. Damage Identification - Further work required to satisfy this 
goal will consist of (a) further investigation of the capaci- 
tance method of detecting junction channels, (b) an investi- 
gation of damage temperature coefficients to enable identifi- 
cation of the high current damage component, (e) investigation 
of low ionizing rate damage effects and (d) performance of a 
series test which will enable description of bias effects 
during irradiation on a single device. 
Annealing Cycle - Further tests will be performed to deter- 
mine the acceptability of the temperature recovery cycle. 
3. Vacuum Test -Design of the vacuum test was completed during 
2. 
this quarter. 
will take place in the next period. 
Temperature Ionization Relationships - A  test has been designed 
and will be performed during the next quarter in an attempt to 
determine if correlations exist between temperature stress and 
ionizing radiation stresses on surface stability. 
The fixture is being fabricated and the test 
4. 
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